Depicting the salvageable tissue is increasingly used in the clinical setting following stroke. As absolute cerebral blood flow (CBF) is difficult to measure using perfusion magnetic resonance or computed tomography and has limitations as a penumbral marker, time-based variables, particularly the mean transit time (MTT), are routinely used as surrogates. However, a direct validation of MTT as a predictor of the penumbra threshold using gold-standard positron emission tomography (PET) is lacking. Using 15 O-PET data sets obtained from two independent acute stroke samples (N = 7 and N = 30, respectively), we derived areas under the curve (AUCs), optimal thresholds (OTs), and 90%-specificity thresholds (90%-Ts) from receiver operating characteristic curves for absolute MTT, MTT delay, and MTT ratio to predict three penumbra thresholds ('classic': CBF < 20 mL/100 g per min; 'normalized': CBF ratio < 0.5; and 'stringent': both CBF < 20 mL/100 g per min and oxygen extraction fraction > 0.55). In sample 1, AUCs ranged from 0.79 to 0.92, indicating good validity; OTs ranged from 7.8 to 8.3 seconds, 2.8 to 4.7 seconds, and 151% to 267% for absolute MTT, MTT delay, and MTT ratio, respectively, while as expected, 90%-Ts were longer. There was no significant difference between sample 1 and sample 2 for any of the above measurements, save for a single MTT parameter with a single penumbra threshold. These consistent findings from gold-standard PET obtained in two independent cohorts document that MTT is a very good surrogate to CBF for depicting the penumbra threshold.
Introduction
The ischemic penumbra refers to the severely hypoperfused, neurophysiologically silent brain tissue at risk of infarction but still salvageable if reperfused early enough (Astrup et al, 1981; Baron, 2001a; Heiss, 2000; Jones et al, 1981) . The penumbra is the target of reperfusion therapy such as intravenous thrombolysis, and identifying it is an important goal. The penumbra is caused by a marked reduction in cerebral perfusion pressure beyond the autoregulation range (Baron, 2001b) , causing a reduction in cerebral blood flow (CBF) below a certain threshold (Donnan and Davis, 2002) .
Positron emission tomography (PET) using oxygen 15-labeled tracers ( 15 O-PET) is considered the most reliable method for detecting the penumbra because it allows a fully quantitative measurement of CBF, cerebral blood volume (CBV), oxygen extraction fraction (OEF), and cerebral metabolic rate of oxygen Frackowiak et al, 1980) . Using this technique, the CBF penumbra threshold has been found to stand B20 mL/100 g per min in humans, consistent with early reports using various perfusion techniques (Baron, 2001b; Donnan and Davis, 2002; Heiss, 2000) , and accordingly, this flow threshold is widely used as a gold standard (Olivot et al, 2009; Sobesky et al, 2004; Takasawa et al, 2008; ZaroWeber et al, 2009 ZaroWeber et al, , 2010a . However, using absolute CBF to define the penumbra in acute stroke does have two main limitations. First, the penumbra threshold may differ between the gray and white matter (Bristow et al, 2005; Marcoux et al, 1982) , which can be partially controlled by normalizing absolute CBF by contralateral values (Heiss et al, 2001) . Second, even early after stroke, low CBF below the penumbra threshold may represent partially reperfused irreversibly damaged tissue, in which the paradoxically low CBF is a result of very low metabolic activity (Sette et al, 1989) . However, this potentially misleading situation may be distinguished from true penumbral flow by also considering the OEF, which in partial reperfusion is not as high as would be expected in persistent occlusion. Thus, combining the usual CBF penumbra threshold with a high OEF threshold should help exclude the partially reperfused tissue with paradoxically low CBF Takasawa et al, 2008) .
These two limitations of CBF do not apply to the vascular mean transit time (MTT), i.e., the local CBV/ CBF ratio (Grubb et al, 1974) , making it appealing as a potential surrogate of CBF to predict the penumbra. Thus, unlike CBF, the MTT (1) is almost uniformly distributed across the gray and white matter (Bristow et al, 2005; Ito et al, 2003; Sette et al, 1989) and (2) monotonously increases in proportion to cerebral perfusion pressure decreases (Gibbs et al, 1984; Schumann et al, 1998; Sette et al, 1989) . As a result, it quickly returns to normal or even abnormally short values with reperfusion (Kidwell et al, 2001) , presumably even in the above situation of partially reperfused core. Intriguingly, despite this potential interest, the validity of MTT to predict the penumbra flow threshold has not so far been assessed using gold-standard PET.
Perfusion magnetic resonance (pMR) and perfusion computed tomography (pCT) are increasingly used in the clinical setting to select patients appropriate for thrombolysis, particularly beyond the recommended time window or when the time of onset is unclear (Wardlaw, 2010; Wintermark et al, 2008) . However, because of intrinsic method characteristics, the absolute CBF values derived from these two techniques are considered unreliable (Calamante et al, 2002) . For this reason, other perfusion-related variables, particularly time-based variables such as the MTT, have been widely assessed as predictors of the at-risk tissue, and several pMR and pCT studies (Takasawa et al, 2008; Zaro-Weber et al, 2010a) have suggested that the MTT may reliably predict the penumbra flow threshold. However, although better than for CBF, the accuracy of pMR-and pCT-derived MTT remains suboptimal because of inaccuracies in arterial input function determination and issues with delay and dispersion of the tracer before arrival to the ischemic tissue (Calamante et al, 2002; Donnan et al, 2009; Wintermark et al, 2008; Wu et al, 2003) . To optimally address the fundamental issue of whether the MTT reliably predicts the penumbra flow threshold, it would therefore be desirable to use PET-derived MTT, rather than pMR-or pCT-derived MTT, and to use PET-derived CBF as reference-a study not carried out so far.
In this study, we used receiver operating characteristic (ROC) analysis to determine the validity of PET-derived MTT for predicting the penumbra threshold, also defined using PET. As the primary aim, we tested the validity of MTT using ROCderived areas under the curve (AUCs). As the penumbra threshold, we used not only the classic absolute threshold of CBF < 20 mL/100 g per min but also a relative CBF threshold ( < 50% of contralateral) and the more stringent combined CBF/OEF threshold (i.e., CBF < 20 mL/100 g per min and OEF > 0.55). Finally, for validation of the results, the analysis was repeated in two independent cohorts of patients with acute middle cerebral artery stroke. O-PET as part of a prospective research protocol. Data obtained from six of these seven patients have been published previously (Guadagno et al, 2006) , but this study addressed an entirely different topic. Exclusion criteria were previous stroke, lacunar syndrome, hemorrhagic stroke on admission CT, anticoagulation or thrombolytic therapy (because arterial cannulation was required to obtain quantitative PET data), inability to cooperate, organ failure, and recent myocardial infarction. The National Institutes of Health stroke scale (NIHSS) was prospectively administered to all patients. The Cambridgeshire Regional Ethics Committee approved the protocol, and informed consent was obtained from each patient (or from the next of kin); all patient data were anonymized before analysis.
Patients and methods

Methods
Data Acquisition: Positron emission tomography studies were performed at a mean 18.6±5.0 hours (range: 8.5 to 22.5) after stroke on a GE Advance scanner (General Electrics, Milwaukee, WI, USA) with a 15.3-cm axial field of view, using the steady-state method . Emission data were acquired in a three-dimensional mode during a 10-minute steady-state intravenous infusion of H 2
15
O, followed by a 10-minute steady-state inhalation of 15 O 2 in the two-dimensional mode, and finally after a 60-second inhalation of C 15 O in the two-dimensional mode. Images were reconstructed into 2.34 Â 2.34 Â 4.25 mm 3 voxels and were corrected for attenuation, scatter, randoms, and dead time. Before further processing, images were smoothed using an isotropic 4-mm Gaussian filter, resulting in a final spatial resolution of B7 mm. Parametric maps of CBF, cerebral metabolic rate of oxygen, OEF, and CBV were generated by inputting simultaneous PET and arterial tracer activity measurements into standard models (Guadagno et al, 2006) . Magnetic resonance images were obtained before PET studies on a 3-T whole-body magnet in 6/7 patients and a 1.5-T scanner in 1. A structural dual T2-weighted fast spin echo was used for coregistration to PET maps using SPM2 (Welcome Department of Imaging Neuroscience, London, UK).
Regions of Interest: Using Analyze 7.0 (Biomedical Imaging Resource, Mayo Clinic, MN, USA), circular regions of interest (ROIs), all of identical size (16 mm diameter), were drawn contiguous to each other over the cortical ribbon and insula, as well as over the basal ganglia and white matter areas on the coregistered axial T2 image; the set of ROIs was then copied by symmetry over the affected hemisphere. Approximately 100 ROIs were drawn on each side of the brain in each patient (see the 'Results' section). From each ROI, the mean values for CBF, CBV, and OEF were extracted, and the MTT was calculated as CBV/CBF.
Outcome Measures: Three distinct penumbra thresholds were tested (see the 'Introduction' section):
(1) CBF < 20 mL/100 g per min (i.e., 'Classic'); (2) CBF ratio (affected ROI CBF/paired unaffected ROI CBF) < 0.5 (i.e., 'Normalized'); and (3) Both CBF < 20 mL/100 g per min and relative OEF > 0.55 (i.e., 'Stringent').
Statistical Analysis
Comparing the MTT values with the corresponding state variable for each ROI, ROC curves were plotted and the AUC was calculated to assess the reliability of MTT for predicting each of the three penumbra thresholds. As the secondary objective, MTT thresholds were also derived.
Determination of the Merits of Mean Transit Time to
Identify the Penumbra Threshold:
(1) MTT variables: In addition to the absolute MTT (in seconds) for each ROI, we also calculated for each pair of ROIs the 'MTT delay' (i.e., MTT affected ÀMTT unaffected ) and the 'MTT ratio' (i.e., MTT affected /MTT unaffected ), because these metrics have been used in previous pMR and pCT studies. (2) ROC curves: ROCs for each of the three MTT parameters and each penumbra threshold were determined separately. This was first performed using all ROIs across all seven patients, and second on an individual patient basis. From each ROC, the AUC was extracted and rated as 'excellent' ( > 0.9), 'good' (0.8 to 0.9), or 'fair' (0.7 to 0.8) based on published criteria (Tape, 2004 McNeil et al, 1983) . This was performed for each of the three penumbra thresholds. (2) In the second method, we determined the individual AUCs for absolute MTT, MTT delay, and MTT ratio for each patient separately and then compared their means and s.d. using two-sample t-tests for each of the three penumbra thresholds separately. (4) MTT thresholds: We then determined from each ROC curve the classic 'optimal threshold' (OT) (Hanley and McNeil, 1982) , defined as the value closest to the point that perfectly differentiates ROIs above or below the penumbra threshold (i.e., the theoretical point with specificity and sensitivity of 100% at the left-superior corner of the ROC coordinates) (Zweig and Campbell, 1993) . The OT corresponds to the MTT value that minimizes the following equation: ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ð1 À specÞ 2 þ ð1 À sensÞ 2 q . We also determined the MTT threshold corresponding to a specificity of 90% (to be referred to as 90%-T), which has stronger clinical relevance than the OT because it affords near certainty about the presence of the penumbra for decision making (Christensen et al, 2009 ).
Second Cohort ('Caen Data Set')
Patients and Methods: To validate the results obtained in the first cohort, the analysis carried out in the first cohort was repeated in a second, independent, cohort, and results were directly compared between the two cohorts using appropriate tests. The 'Caen data set' consists of 30 acute middle cerebral artery stroke patients who also underwent steady-state 15 O-PET (axial brain coverage: 72 mm). The Regional Ethics Committee of Basse-Normandie approved the protocol, and informed consent was obtained from each patient (or from the next of kin); all patient data were anonymized before analysis. This cohort has been the subject of several previous publications (see for instance, Furlan et al (1996) and Marchal et al (1995 Marchal et al ( , 1996 ), but none of these earlier articles dealt with the topic of this study. The inclusion and exclusion criteria were similar to the Cambridge data set, and the 15 O-PET method has been described in detail elsewhere Marchal et al, 1995) .
Statistical Analysis: To compare the results obtained from these two data sets, the individual AUCs, 90%-Ts, and OTs were compared for each MTT parameter between the Caen and Cambridge data sets, using Student's t-tests with SPSS Version 15.0 (IBM Corporation, Somers, NY, USA). The significance level was set at P < 0.05 (two tailed).
Results
Cambridge Data Set
Patients: Patient characteristics are presented in Table 1 . The total number of ROIs was 748 on each side of the brain (107±25 per patient). Out of these, 188, 69, and 81 ROIs/ROI pairs were below the classic, normalized, and stringent penumbra thresholds, respectively. An illustration of the relationship between the CBF and MTT ROI data is presented in Figure 1 .
Value of the Mean Transit Time to Predict the Penumbra Threshold:
(1) Using all ROIs across patients Overall, the AUCs were very similar across analyses, ranging from 0.79 to 0.89, indicating a good to Table 1 for clinical details), showing the expected increase in MTT as CBF decreases, particularly clear below 20 mL/ 100 g per min absolute or 50% ratio. (C) Quantitative maps of MTT (in seconds), CBF (in mL/100 g per min), and OEF (in %) in an illustrative axial slice through the basal ganglia in the same patient; the pseudo-color scale on the left of each map shows the quantitative scale for each voxel. CBF, cerebral blood flow; MCA, middle cerebral artery; MTT, mean transit time; OEF, oxygen extraction fraction.
very-good value of MTT to predict the penumbra threshold, regardless of the MTT parameter tested and the penumbra threshold used as a gold standard (Table 2 ; Figure 2 ). Although overall the AUCs were slightly higher for absolute MTT, and the highest AUCs were observed for MTT delay and MTT ratio for the normalized penumbra threshold, there were no statistically significant differences among the three MTT parameters (all Z < 1.96). The OTs ranged from 7.8 to 8.1 seconds, 2.8 to 4.3 seconds, and 151% to 186% for absolute MTT, MTT delay and MTT ratio, respectively, depending on the penumbra threshold tested. The 90%-Ts ranged from 8.6 to 9.5 seconds, 4.3 to 5.4 seconds, and 214% to 232%, respectively.
(2) Using the individual patient data Overall, the mean individual AUCs ranged from 0.79 to 0.92, i.e., very similar to those computed by merging all ROIs across patients (Table 3) . Again, there was no significant difference between AUCs among the three MTT parameters regardless of the penumbra threshold, although as above, the highest AUCs were obtained with the absolute MTT and the classic penumbra thresholds. Similarly, the mean OTs and 90%-Ts derived from the individual analysis were close to those found by merging all ROIs across all patients.
Caen Data Set
The main patient characteristics of the Caen sample, as compared with those of the Cambridge sample, are presented in Table 4 . The only significant differences between the two samples were with regard to time since onset (shorter in the Caen sample) and age of patients (slightly older). The total number of ROIs was 2,580 on each side of the brain (86±8 per patient). Out of these, 1,224, 462, and 772 ROIs/ROI pairs were below the classic, normalized, and stringent penumbra thresholds, respectively.
The means for individual AUCs, OTs, and 90%-Ts for both the Cambridge and Caen data sets are presented in Table 3 . There was no significant difference between the individual AUCs from the two samples. With regard to OTs and 90%-Ts, there was again no significant difference between the two samples, save for the absolute MTT for the classic threshold only.
Discussion
In this study, using data derived from quantitative steady-state 15 O-PET, we found the MTT to be overall a very good predictor of the penumbra threshold. Indeed, AUCs ranged from 0.79 to 0.92, varying only slightly with the MTT parameter being tested, the penumbra threshold used as reference, and the method of analysis, i.e., individual or common. Importantly, all three MTT parameters tested performed equally well across the three penumbral thresholds, and directly comparing among them using either all ROIs across the whole Cambridge sample or individual subject analysis revealed no statistically significant difference, even though absolute MTT seemed to perform slightly better than the other two. The 'optimal threshold' was on average B8 seconds, 4 seconds, and 200% for absolute MTT, MTT delay, and MTT ratio, respectively, increasing with stringency of the penumbra threshold used. The 90%-Ts were as expected much longer than their OT counterparts. The very good consistency between MTT thresholds computed from the within-and across-subject analyses points to their overall reliability. Finally, the validity of these findings, regarding both AUCs and MTT thresholds, was confirmed using an independent and larger patient sample, with no significant differences between the two cohorts emerging for any variable tested-save for a single MTT parameter against a single penumbra threshold. As this study is the first to use PET-derived MTT to assess the predictive value of MTT as a surrogate for the penumbra flow threshold, a direct comparison with previous similar work is not possible. However, it is of interest to compare our results with those previous studies that have assessed pMR-and pCTderived MTT as a potential penumbral marker, some of which used PET- (Takasawa et al, 2008; ZaroWeber et al, 2010a) or XenonCT-derived CBF (Olivot et al, 2009) , and others used diffusion weighted imaging lesion growth (Grandin et al, 2002; Thijs et al, 2001) or final infarction in nonrecanalizing patients (Christensen et al, 2009 ; Wintermark et al, Figure 2 ROC curves of the three MTT parameters to identify the three penumbra thresholds using all ROIs across all seven patients. The ROC for absolute MTT versus the normalized penumbra threshold was believed to be inappropriate for the purposes of this study; hence, it is missing from this graph. The corresponding AUCs are listed in Table 2. 2006), as reference. Below, we will first discuss those studies that have assessed AUCs, and then those that have assessed MTT thresholds.
Four previous studies have used AUCs to assess the merits of MTT for identifying the penumbra flow threshold. In one study, comparing pMR with 15 O-PET-derived penumbra threshold defined as CBF < 20 mL/100 g per min, the AUC for the absolute MTT was 0.86 (Zaro-Weber et al, 2010a) . In an ROI-based study using pMR, the AUC for absolute MTT to discriminate diffusion weighted imaging lesion growth from areas of viable hemodynamic disturbances in the diffusion-perfusion mismatch was 0.71 (Grandin et al, 2002) . In another similar pMR study, the AUC for MTT delay was 0.78 (Christensen et al, 2009 ). Our AUCs were overall lower than the former, but higher than the latter two pMR studies. The fourth study, based on pCT (Wintermark et al, 2006) , reported an inordinately high AUC of 0.96 for the MTT ratio. Overall, therefore, the AUCs found in this study are well within the range reported in earlier pMR or pCT studies, in turn further supporting the validity of MTT for predicting the penumbra flow threshold.
Our MTT thresholds are generally close to or within previously reported ranges for pMR-or pCTderived MTT thresholds. For instance, OTs for absolute MTT of 5.3 seconds (Zaro-Weber et al, 2010a), 7 seconds (Wintermark et al, 2006) , and 10 seconds (Olivot et al, 2009 ) have been reported. One study reported an MTT delay threshold of 7.8 seconds (Grandin et al, 2002) and another (Thijs et al, 2001) of > 4 to 6 seconds, to be associated with diffusion weighted imaging lesion growth. With regard to MTT ratio, optimal cutoffs of 145% (Wintermark et al, 2006) and 163% (Rohl et al, 2001 ) have been reported. Our OT values for absolute, delay, and ratio MTT (B8 seconds, 4 seconds, and 150% to 200%, respectively) are overall comparable with these earlier pMR-or pCT-derived thresholds. This overall consistency between PET and previous pMR and pCT literature strengthens the idea that MTT is a reasonably reliable surrogate for CBF to predict the penumbra flow threshold. In this respect, high specificity thresholds such as the 90%-Ts derived in this study may have a greater clinical relevance than classical OTs, because they imply more stringent criteria for the penumbra before making therapeutic decision (Christensen et al, 2009) . MTT as a penumbra threshold marker E Carrera et al
The strengths of this study include the formal validation of the results afforded by the comparison of two distinct and independently acquired patient samples (one of which is of substantial size), otherwise essentially identical with regard to inclusion/exclusion criteria and 15 O-PET methodology. Using MTT delay and MTT ratio, no statistically significant difference in AUCs, OTs, or 90%-Ts was found between the two samples for any of the three penumbra thresholds. Using absolute MTT, again there was no significant difference between the two samples for any variable tested apart from the OT and 90%-T for the classic penumbra threshold only (Table 3 ). This isolated finding may represent a play of chance from multiple comparisons, or small differences in population characteristics (see Table 4 ) and PET axial field of view. Regardless, the results from the validation cohort do provide strong support to the overall validity of our findings, namely that the MTT is a very good predictor of the penumbra flow threshold, and that all three MTT parameters work equally well. For optimal comparisons between centers, it may however be best to use MTT delay or MTT ratio than absolute MTT as the perfusion variable.
One limitation of this study is that patients were studied a number of hours after stroke onset, which is inevitable when using fully quantitative PET because of the limited accessibility of the technique and the exclusion criteria which for instance include thrombolysis (see the 'Methods' section). This delay does not undermine the validity of our findings because the penumbra threshold-contrary to the infarction threshold-has been shown to be time independent in nonhuman primates (Astrup et al, 1981; Jones et al, 1981) . It is presumed to be so in humans too, based on good evidence from studies using various perfusion modalities and timescales after stroke onset (Baron, 2001b; Heiss, 1992 Heiss, , 2000 Zaro-Weber et al, 2010b) . However, the late imaging in our population may have decreased the number of ROIs with penumbral characteristics; therefore, increasing the potential errors in estimating the predictive value of MTT especially when applied at the individual patient level.
In addition to testing using gold-standard PET, the fundamental pathophysiological issue of whether the MTT can reliably predict the penumbra flow threshold in acute stroke, our secondary, more clinical, aim was to inform MR-and CT-based perfusion mapping in the acute setting. Our results suggesting that the MTT is indeed a reasonably reliable surrogate of the penumbra flow threshold provide support to time-based perfusion mapping using MR or CT in the clinical setting-provided appropriate stringent thresholds are used (Donnan et al, 2009) . As with MR, the diffusion weighted imaging lesion may represent not only the core but also the penumbral tissue (Guadagno et al, 2006) , whereas with CT perfusion, there are inconsistencies regarding a CBV threshold for the core tissue (Murphy et al, 2008; Wintermark et al, 2006) , clinically reliable maps of the penumbra and core compartments are still awaited. Defining reliable core markers is therefore an important issue to address in future work.
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